ABSTRACT: This paper presents an analysis of the damage propagation features of the pore structure of natural pumice lightweight aggregate concrete (LWC) under freeze-thaw cyclic action. After freeze-thaw cycling, we conducted nuclear magnetic resonance (NMR) tests on the concrete and acquired the porosity, distribution of transverse relaxation time T 2 , and magnetic resonance imaging (MRI) results. The results showed the following. The T 2 distribution of the LWC prior to freeze-thaw cycling presented four peaks representative of a preponderance of small pores. After 50, 100, 150, and 200 freeze-thaw cycles, the total area of the T 2 spectrum and the porosity increased significantly. The MRI presented the changing spatial distribution of pores within the LWC during freeze-thaw cycling. Ultrasonic testing technology was applied simultaneously to analyze the NMR results, which verified that the new NMR technology demonstrated high accuracy and practicability for research regarding freeze-thaw concrete damage. 
INTRODUCTION
Throughout the remainder of the 21st century, and even longer in China, concrete materials are expected to continue to be among the most important building materials, and concrete structures will continue to be the dominant structures employed in civil engineering (1, 2) . Conventional concrete, being itself heavy, results in very heavy concrete structures, which leads to significant disadvantages, and limits the development of potential civil engineering projects. A lightweight high-strength concrete material is therefore greatly required (3) (4) (5) (6) . Lightweight natural pumice aggregate concrete has emerged in response to these engineering needs (6, 7) . For conventional concrete, crushed stones are applied as coarse aggregate. The crushed stones are comprised of natural rocks, cobbles, or waste stones, which have been generally obtained from mining areas through sieving of materials derived from mechanical disruption processes such as drilling, blasting, and crushing, with grain sizes greater than 5 mm. Unfortunately, these processes produce a prodigious amount of dust that pollutes the environment and causes damage to the health of surrounding residents and workers (5, 6) . Moreover, noise pollution is also produced, which further harms the environment. This is yet another reason to promote the development of natural pumice concrete.
Natural lightweight aggregate is comprised of porous, lightweight rocks such as scoria and pumice stone, which are types of porous vitreous extrusive rock formed by volcanic eruptions. France, Japan, Italy, and the former Soviet Union are all countries that possess abundant volcanic rock resources. Lightweight aggregate played an active role in the restoration and construction of cities after World War II (7) . Available volcanic resources are extremely rich in China as well, and are widely distributed. This is particularly the case in the Inner Mongolia area, where the demonstrated reserve of 11 confirmed volcanic clusters including abundant raw materials of natural lightweight aggregate (8) is approximately 2 billion m 3 , which excludes the resource statistics of 17 other volcanic clusters and the massive volcanic clusters in Jilin Province. Pumice stone and scoria are non-metallic minerals that are widely distributed in large quantities throughout China, mainly in the northeast, north, and south. At present, the mines that have been exploited are the Huinan volcanic slag mine and the Antu Yuanchi pumice mine in Jilin Province, the Kedong Erkeshan pumice mine in Heilongjiang Province, the Lanhada pumice mine in Inner Mongolia, and the Hainan pumice mine. Five million m 3 of minerals have thus far been exploited from only the five provinces of Heilongjiang, Jilin, Shanxi, Liaoning, and Inner Mongolia, and it is possible for these sources to support present utilization for the next 100 years, whereas China possesses substantial potential for further exploration (9) .
In this paper, the natural pumice stone derived from the Inner Mongolia area is the research object. Lightweight aggregate concrete (LWC) has been widely used in recent years due to its high porosity, low density, frost resistance, and favorable heat retaining property (8, (10) (11) (12) (13) (14) . In the northern area of China, the damage to hydraulic concrete, such as dams (see Figure 1) , is relatively large owing to cyclic freezing and thawing. Due to seasonal changes and the diurnal cycle, the concrete materials of hydraulic structures sustain the physical weathering caused by freeze-thaw cycling, which results in extension and propagation in the internal micro-fractures of the concrete. The internal texture degrades and affects the physical and mechanical properties of the concrete materials. As a result, these large-scale concrete structures generally remain functional for only about 30 years, and some for even less than 10 years. Moreover, concrete structures that are subject to contact with saline water suffer particularly greatly from frost damage (15, 16) . Therefore, it is of significance to analyze and understand the variational features of the microstructure of concrete under freeze-thaw conditions for the purpose of establishing the mechanisms of concrete freeze-thaw damage and the corresponding failure mechanisms of concrete structures in cold regions.
Many rewarding studies have been conducted by scholars from around the world concerning LWC. Alengaram and Khokhrin (4, 17) found that, at a strength level of 30-40 MPa, the water permeability of LWC was lower than that of corresponding conventional concrete. Numerous other studies (9, 10, 12, 18, 19) have shown that the use of fibers in LWC is an appropriate solution to resolve problems associated with the material's higher brittleness and reduced mechanical properties. For example, researchers (5, 6) have investigated the use of oil palm shell as an additive fiber for LWC, and the Nuclear magnetic resonance analysis of freeze-thaw damage in natural pumice concrete • 3 production of medium and high strength LWC was demonstrated. The strength, stiffness, and durability of fly ash lightweight concrete and pumice lightweight concrete have been studied (20) (21) (22) . In another study (23) , five types of manufactured lightweight aggregate were used to establish prediction models based on the stress-strain relationship, compressive strength, elastic modulus, and peak strain of the resulting LWC, and another type of lightweight aggregate was used to validate them. Lightweight aggregate having a lower pore volume and a greater concentration of small pores was shown to result in LWC that demonstrated good resistance to freezing and thawing (7) .
Presently, the microstructure of concrete has been widely studied, and image analysis techniques, such as scanning electron microscopy (SEM) and computed tomography (CT) scanning have been applied for analysis of the microstructure of concrete. Amor Ben Fraj (24) employed SEM to analyze the interfacial zone between the cementitious matrix and lightweight aggregates. Other researchers (25) (26) (27) (28) (29) employed CT to examine the pore structure and permeability of asphalt concrete materials, conventional concrete materials, and porous concrete and cement materials. In addition, CT was again used to investigate the spatial void distribution in a LWA (30) .
NMR has developed into quite a mature application in fields such as medical diagnosis, petroleum exploration and development, agriculture, and the food and bio-pharmaceutical fields, and has also been widely promoted in research regarding pore structure and the freeze-thaw damage mechanism of rocks (31) (32) (33) . However, it has been seldom applied in studies of the freeze-thaw damage mechanism of concrete. In the present study, we evaluate concrete obtained using the natural pumice derived from Inner Mongolia as the coarse aggregate material. Cyclic freeze-thaw testing with different numbers of cycles and ultrasonic testing are conducted. We then apply NMR analysis for relaxation and imaging measurements. Finally, we analyze and discuss the distribution of the T 2 spectrum, variation of the total T 2 spectrum area, and the internal pore distribution characteristics of natural pumice LWC.
TEST PROFILE

Test materials and instruments
The following materials were employed. Cement: Jidong P.O42.5 Ordinary Portland Cement with the performance indicators listed in Table 1 ; coarse aggregate: pumice aggregate of central Inner Mongolia, China (see Figure 2) with the performance indicators listed in Table 2 ; fine aggregate: natural river sand, fineness modulus 2.56, silt content 1.98%, bulk density 1,465 kg/m 3 , apparent density 2,645 kg/m 3 , moisture content 1.987%, favorable grain composition, with the gradations listed in Table 3 ; fly ash: I-grade fly ash derived from Jinqiao Thermal Power Plant, Hohhot with the chemical composition listed in Table 4 ; water reducing agent: RSD-8 type superplasticizer, dominant ingredient β-sodium naphthalene formaldehyde high-condensation, admixture amount 3%, water-reducing rate 20%, no corrosive action on the rebar; water: ordinary tap water.
The key instruments employed in the testing include a freeze-thaw cycle testing apparatus, ultrasonic testing analyzer, vacuum saturation device, MiniMR-60 type nuclear magnetic resonance The principle behind the NMR porosity measurements is as follows. A porous medium is saturated by water, and the initial amplitude of the NMR spin echo string, or the area enclosed by the T 2 distribution curve, is directly proportional to the number of hydrogen atoms in the porous fluid within the scope of detection. The integral sum of the relaxation spectra represents the fluid content in the test specimen. Therefore, the porosity value of the test specimen can be calculated after performing a suitable calibration of the relaxation spectra. The measurement method is as follows. First, NMR is employed to measure the calibration specimen, the porosity of which has already been obtained by means of a conventional method, and a relationship curve (usually a linear relationship) is established between the porosity and the NMR unit volume signal in accordance with the NMR results of the calibration specimen. NMR is then employed to measure a concrete specimen of unknown porosity, and the unit volume signal amplitude is substituted into the relational expression to calculate the porosity of the specimen.
Test method and program
LC30 strength grade LWC is taken as the research object with a mixture proportion of cement: water:(pumice lightweight aggregate):sand:(fly ash):(water reducing agent) = 360:180:530:690:730:90:9 by mass A crusher was used to crush the pumice into particles with grain sizes of about 2 cm, and sifters with pore diameters of 22.5 mm and 9.5 mm were used to screen out the particles with grain sizes greater than 22.5 mm and less than 9.5 mm. No prewetting treatment was conducted for the pumice. The mixing procedure employed followed that given in Technical Specification for Lightweight Aggregate Concrete (JGJ51-2002). The test mold dimensions were 100 mm × 100 mm × 400 mm, and the mold was removed after 24 h, and the test piece was stored under standard conditions.
Freeze-thaw cycle testing was conducted with reference to the operational instructions of the "fast freezing method" freeze-thaw cycle test (GB/T
50082-2009 Standard for Test Methods of Long-term Performance and Durability of Ordinary Concrete),
where test pieces stored for 24 d were steeped in (20 ± 2) °C saline solution obtained from the Hetao Irrigation District for 4 d until the interior was waterlogged. Freeze-thaw cycling was then conducted with a cycle period of 4 h, where the thawing time was half the freezing time. In the freezing and thawing processes, the minimum and maximum temperatures of the test piece were controlled within (−18 ± 2) °C and (5 ± 2) °C, respectively. Sets of three concrete blocks each were subjected to testing, and six groups of freeze-thaw cycles were conducted for each set. The numbers of cycles N were 0, 50, 100, 150, and 200.
To more comprehensively evaluate the interior pore structures of the LWC samples before and after the freeze-thaw cycling, we removed a test piece every 50 freeze-thaw cycles. As shown in Figure 3 , we then cored the test piece with a cutting machine. To eliminate the effects of uneven freeze-thawing at the ends, we removed a 100 mm × 100 mm × 170 mm section at both ends of the test piece. We further removed a 30 mm thick perimeter from the outer surface of the remaining section, leaving a residual core sample with dimensions of about 40 mm × 40 mm × 60 mm. This process was designed to eliminate uneven distributions of the effects of uneven freeze-thawing on the formed surface and underside aggregate.
We then conducted NMR analysis on the core samples after different numbers of freezethaw cycles. First, we applied a vacuum saturation device to saturate the concrete sample with water. The vacuum pressure value was 0.1 MPa and the pump-down time was 4 h. We then steeped the sample in distilled water for 24 h and conducted the process again for NMR relaxation measurements for a comparison analysis. To eliminate the effects of moisture evaporation on the test results, the moisture was wiped from the surface of the samples upon being removed, and each sample was wrapped in a preservative film for NMR analysis.
TEST RESULTS AND ANALYSIS
Ultrasonic testing
Evaluating the propagation velocity of sound waves in concrete provides related information regarding concrete quality and strength. In general, the propagation velocity of the sound wave increases with increasing strength and integrity of the concrete. Therefore, the physical and dynamic mechanical properties of the concrete are represented by the measured variations of the wave velocity in the concrete before and after freeze-thaw testing, which reflects the damage and defects produced inside the concrete. In this paper, ultrasonic testing was conducted on the concrete before and after freeze-thaw testing, and the obtained results are listed in Table 5 .
From Table 5 , it can be seen that the wave velocity reduces significantly after the freeze-thawing of the LWC. This indicates that the number of freezethawing cycles causes damage to the interior of the concrete. To quantitatively define the degree of damage , we introduce the reduction rate of the wave velocity h and the degree of damage D (9, 34) 
Here, h is rate at which the sound wave velocity of the concrete diminishes (%), ν is the ultrasonic wave velocity after freeze-thawing (m•s 
Porosity of natural pumice concrete
Porosity is the ratio of the total volume of voids to the total volume of the concrete. Applying NMR analysis, we measured the porosity for different values of N (0, 50, 100, 150, and 200). The results are listed in Table 6 . The permeability and movable fluid content can be calculated with the porosity and pore distribution provided by the NMR. The cut-off value of T 2 the boundary value between the bound fluid and free fluid is related to the pore size. If T 2 is smaller than the cut-off, then the bound fluid correspondingly exists in the small pores, and the T 2 of the free fluid, which is larger than the cutoff, exists in the large pores. According to the NMR principle, the T 2 cut-off is usually defined as the T 2 value at the boundary between the different regions in the distribution. In this study, in order to make a better comparison with the pores of natural pumice LWC in the different freeze-thaw times, based on T 2 spectrum curves, we obtain the T 2 cut-off with different times of freeze-thaw cycles, as shown as Table 6 . Figure 5 presents the variation of the natural pumice concrete porosity and fluid saturation with respect to N, which indicates that the natural pumice concrete pores enlarge with increasing N, and the increasing amplitude of porosity variation differs over each range of freeze-thaw cycling. The extent to which the porosity changes at 50, 100, 150, and 200 freeze-thaw cycles relative to the porosity at N = 0, are 5.177%, 7.035%, 7.530%, and 10.577%, respectively. For N greater than 100, successive degrees of porosity increase by a factor of 1-2 relative to the previous value. This indicates that the porosity of the natural pumice concrete is greatly affected by freeze-thaw cycling. With increasing N, both v and D increase, the generation and propagation of fractures inside the concrete accelerate, and the porosity changes significantly.
It can also be observed from Figure 5 that the developmental trend of the saturation degree of free fluid is inversely proportional to that of bound fluid, where the saturation degree of bound fluid presents a declining trend with increasing N. This indicates that the observed increase in concrete porosity with increasing N is mainly due to an enlarging pore size.
Permeability in the earth sciences is a physical measure of the ability of a medium material to transmit fluids. Figure 6 presents the porosity and permeability of the natural pumice concrete with respect to N. The porosity and permeability exhibit similar Nuclear magnetic resonance analysis of freeze-thaw damage in natural pumice concrete • 7 behaviors, and the change rule is clear. With increasing porosity, the permeability of concrete presents a linear increase. During 50, 100, 150, and 200 freezethaw cycles, successive permeability values increase by a factor of 1.2-1.7 relative to the previous value. From the variation of porosity and fluid saturation shown in Figure 5 and the variation of porosity and permeability shown in Figure 6 , we know that, with increasing permeability, the bound fluid saturation decreases and the free fluid saturation increases. Because natural pumice is a type of porous medium wherein the connectivity between pores is relatively strong and the percolating resistance is minor, Figure  6 indicates that the permeability of the natural pumice concrete increases with increasing porosity.
The porosity is demarcated by measuring the semaphore of the moisture in the pores of the natural pumice concrete with NMR, and, thus, the reason for the observed increasing porosity with increasing freeze-thaw cycling can be described as follows. The porosity of natural pumice concrete is large itself, and, when conducting freeze-thaw cycling in saline solution, the salts in high concentration within the solution dissociate and are transported to regions of low salt concentration within the concrete owing to the principle of ion equilibration. This results in an increasing degree of the saturation of saline solution within the internal pores of the concrete. The solution freezes and the concrete volume expands. The tension produced in the ice expansion process eventually exceeds the tensile strength of the concrete, and repeated freezing generates fractures inside the concrete. Repeated freezing extends the fractures, further enlarges the pores, and simultaneously increases the water absorption of the concrete. As a result, the freeze-thaw damage is intensified. Therefore, the degree of fracture extension and the number of pores newly produced, and, hence, the degree of damage, differ after different numbers of freeze-thaw cycles; consequently, the amplitudes by which the porosity increases differ between different numbers of freeze-thaw cycles.
Distribution of the NMR T 2 spectrum
According to the principles of NMR analysis (35, 36) , the relaxation time T 2 of a fluid in a porous medium is the result of the joint action of the bulk relaxation time T B , surface relaxation time T S , and diffusion relaxation time T D . This process may be expressed as follows [3] :
where r is the lateral surface relaxation strength of the porous medium (mm/ms), S/V is the specific pore surface area (cm 2 /cm 3 ), g is the gyromagnetic ratio of the saturated fluid (rad/(s•T)), G is the magnetic field gradient (Gs/cm), D' is diffusion coefficient of fluid (cm 2 /s) and T E is the echo time (ms). According to NMR principles, T B is much larger than T S and T D when only a single type of fluid resides within the pore. In addition, 1/T B is far smaller than the other two relaxation times, and is therefore negligible. Due to the fact that a uniform magnetic field is employed for an indoor NMR instrument, the corresponding gradient of G is considered to be zero, and 1/T D is negligible. The above formula may therefore be simplified as follows [4] :
From Eq. (4), because the value of ρ is unchanged for a kind of medium, it is clear that T S is related to S/V, and the relaxation strength increases with increasing S/V. The reason for this is mainly because the relaxation rate depends on the frequency with which the proton collides with the surface, i.e., it depends on the ratio of the surface to the volume of the pore (S/V). Therefore, in small pores, the frequency of collisions increases with increasing S/V, and the magnitude of T 2 correspondingly decreases. Otherwise, T 2 correspondingly increases with increasing pore size. Therefore, the distribution of the T 2 spectrum can reflect the distribution of pores. The position of the peak is related to the pore size and the area of the peak is related to the number of pores with that corresponding pore size. Figure 7 shows the distribution of the T 2 spectrum of natural pumice concrete for different values of N. Figure 7 indicates that the distribution of the T 2 spectrum of the natural pumice concrete presents a total of four peaks . For N = 0-50, the four peak amplitudes of the T 2 spectrum all increase, except for the lowest peak value representative of the smallest pores. This indicates that no new fractures are produced in the natural pumice concrete during the initial stage, and the originally small-sized pores are merely enlarged under freeze-thaw cycling. The increased pore size increases the three peak values on the right-hand side. However, at this stage, the extent of pore enlargement and D are both small. For N = 50-100, the signal strengths of the T 2 spectrum of the large pores increase. The area of the first peak remains basically unchanged, indicating no increase in the number of small-size pores. The original small-sized pores are enlarged; thus, causing the three peaks on the right-hand side to increase in amplitude.
For N = 100-150, the amplitude of the lowest peak value of the T 2 spectrum decreases while the amplitudes of the other three peak values increase slightly. This indicates that, under freeze-thaw action, the generation rate of small pores is small, while the rate at which small pores enlarge is rapid. Therefore, the highest peak of the T 2 spectrum moves to the right and exhibits a markedly increased amplitude. For N = 150-200, the peak amplitudes of the T 2 spectrum all increase, except for that of the second lowest peak, which decreases by a small amount. The amplitude of the lowest peak slightly increases, and the T 2 spectrum shape moves slightly to the left, namely towards the T 2 spectrum of smaller pores. This indicates that, under freezethaw action, the natural pumice concrete begins to produce new small pores. With the development of pores from small to large size, the signal strength of the NMR increases, and the value of D for the natural pumice concrete increases.
Analysis of the T 2 spectrum area
The NMR T 2 spectrum areas are in direct proportion to the fluid moisture contained inside the natural pumice concrete, and can directly reflect variations in the interior structure of the pores. The total T 2 spectrum areas can be recorded as the effective porosity of the concrete. Therefore, the T 2 spectrum area of the concrete after freeze-thaw cycling and the percentage occupied by each peak may directly reflect the variational process of the pores in the concrete. As such, the damage extension process of the natural pumice concrete may be acquired. Table 7 lists the T 2 spectrum areas of the natural pumice concrete for various values of N. It can be seen that the total T 2 spectrum area increases with increasing N, indicating that the total pore volume of the concrete increases with increasing N. It can also be seen that, prior to freeze-thaw cycling, the sum of the first and second peak areas occupies 70.781% of the total area, indicating that small-sized pores represent the majority of the pores in the concrete. The freeze-thaw damage of the natural pumice concrete is caused mainly by the enlargement of small pores into larger pores, and the development of fractures. The reason for this is that natural pumice concrete is a porous medium material itself, and the pores inside are much more numerous than the coarse aggregate of ordinary concrete. After 0-50 freeze-thaw cycles, the number of concrete pores increases significantly, and the total T 2 spectrum area increases by 1.38%. The observed increases in the total T 2 spectrum areas between 50-100 and 100-150 freeze-thaw cycles are relatively slight, and the respective areas increase by 1.08% and 0.91%. During this stage, the interior structure of the pumice concrete is affected only slightly by freeze-thaw cycling. However, after 200 freeze-thaw cycles, the total T 2 spectrum area increases significantly, increasing by 1.51% relative to the total area at N = 150, indicating that the freeze-thaw damage of the concrete is rapidly expanded. Nuclear magnetic resonance analysis of freeze-thaw damage in natural pumice concrete • 9
MRI ANALYSIS
Magnetic Resonance Imaging (MRI) is a type of biological magnetic spin imaging technology. In accordance with the principles of NMR, we use the different attenuations of the released energy in the interior of substances under different structural environments, and then detect the launched electromagnetic waves through an externally applied magnetic field gradient. In this way, we can determine the location and type of the nucleus of which this substance is composed, and then draw the structural image for the interior of the substance.
The distribution of pore size can be displayed directly through the MRI of natural pumice concrete for different values of N. However, due to the fact that the concrete material contains a paramagnetic substance that may interfere with the NMR signals, level-selective imaging is impossible; thus, overall imaging of the concrete was performed. The two-dimensional MRI results of cross-sections of the natural pumice concrete in the two axial Figure 8 for different values of N. In the image results, the white spots are the semaphores of water molecules, and, therefore, an increasing amount of moisture in the corresponding natural pumice concrete material is indicated by an increasing density of white spots in the image, which also reflects a larger pore size. Otherwise, the pore size is small. The black background color helps to form a sharp contrast for viewing the imaged pores. Figure 8(a) shows the natural pumice concrete prior to freeze-thaw cycling. The image is largely dark, indicating that the imaged region is mainly comprised of bound fluid with a low water content and a small amount of free fluid. The bright areas of the two images are small, while a small number of bright spots are large. This indicates that several large pores exist in a small area, but small pores occupy the majority of the volume because natural pumice concrete is a porous medium itself. Figure 8 (b) shows the image after 100 freeze-thaw cycles, where the number of bright spots increases slightly. From the front and side images, it can be seen that the large bright spot areas appear inside the test piece, indicating the existence of a large pore structure. Small pore damage extends and develops into large pores and fractures. The size and shape of the pores are clearly displayed.
From Figure 8 (c), it can be seen that, after 200 freeze-thaw cycles, the NMR signal increases sharply, and the bright spot area increases significantly. Large pores and fractures appear at the center and surrounding area of the concrete. The damage extends along the horizontal axis direction. The large pores observed in the front and side images are connective.
Through observation of the above images, we can describe the extension process of freeze-thaw damage of the natural pumice concrete. First, the interior small pores of the test piece develop into large pores. The small pores on the external rim of the test piece develop into large pores and fractures. With a continuation of freeze-thaw cycling, the interior small pores of the test piece develop into large pores. Finally, fractures and large pores continue to extend and cause the bright spots to spread nearly throughout the entire section.
CONCLUSIONS
1. Through ultrasonic testing, it was concluded that, with an increasing number of freeze-thaw cycles N, the wave velocity reduction h and the degree of damage D both presented rising trends, i.e., an increasing h was correlated with an increasing D. 2. After 50, 100, 150, and 200 freeze-thaw cycles, the total NMR T 2 spectrum area of the natural pumice concrete changed significantly, with the porosity increasing respectively by 5.2%, 7.0%, 7.5%, and 10.6%. For different values of N, the values of the total T 2 spectrum area vary, while the overall variation presents an increasing trend. This indicates that, with increasing N, new pores are generated inside the concrete, and the pore volume occupies an increasing percentage of the total volume. The bound fluid saturation presents a decreasing trend, while the free fluid saturation and permeability present increasing trends. 3. The T 2 spectrum distribution of the natural pumice concrete mainly presents four peaks. The sum of the areas of the first and second peaks occupies more than 70% of the total volume prior to freeze-thaw cycling, indicating a large percentage of small-sized pores. With increasing N, the area of the first peak decreases gradually, indicating that the small pores of the natural pumice concrete develop into larger pores under freeze-thaw action. However, for N = 200, the number of small-sized pores increases, indicating a rapid increase in the freeze-thaw damage of the concrete. 4. The results of MRI present the distribution of the interior pores in the freeze-thaw damage extension process of the natural pumice concrete. The MRI results of the natural pumice concrete are largely dark prior to freeze-thaw cycling, and the areas of the bright spots are small, representing a preponderance of small pores. With increasing N, the NMR signal increases sharply and the areas of the bright spots enlarge. This directly exhibits the features of damage extension in the interior pores, and provides information for the analysis of the freeze-thaw damage process of the concrete. This is the special advantage of NMR technology. 5. The variation trends of NMR features for natural pumice concrete under freeze-thaw cycling provide reliable testing data for researching the freeze-thaw damage of concrete. In addition, the development and application of NMR technology provide a new non-destructive testing method for the physical testing of concrete, and this will certainly contribute to the development of physical testing technology.
